Investigation of genetic susceptibility to cerebrovascular disease has been of growing interest. A systematic review of human studies assessing neurogenomic aspects of cerebrovascular disease was performed according to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement. Any association study exploring genetic variants located in the exome associated with one of the major cerebrovascular diseases with at least 500 subjects was eligible for inclusion. Of 6874 manuscripts identified, 35 studies met the inclusion criteria. Most studies of interest focused on ischemic stroke and cerebrovascular occlusive disease. Large cohort genetic association studies on hemorrhagic cerebrovascular disease were less common. In addition to rare, well-established monogenic conditions with significant risk for cerebrovascular disease, a number of genetic variants are also relevant to cerebrovascular pathogenesis as part of a multifactorial process. The 45 polymorphisms identified were located in genes involved in processes related to endothelial and vascular health (15 (33.4%) variants), plasma lipid metabolism (10 (22.2%) variants), inflammation (9 (20%) variants), coagulation (3 (6.7%) variants), and blood pressure modulation (2 (4.4%) variants), and other (6 (13.3%) variants). This work represents a comprehensive overview of genetic variants in the exome relevant to ischemic and hemorrhagic stroke pathophysiology.
Introduction
Cerebrovascular disease is responsible for approximately 10% of deaths 1 and is the leading cause of permanent disability in the United States. 2 Genetic predisposition to cerebrovascular disease is wellestablished. The majority of cerebrovascular disease etiology is multifactorial with a variable amount of genetic predisposition 3 involving a complex interplay among lifestyle, environmental factors, and various genes and their alleles, each allele with relatively minimal individual effects. [3] [4] [5] Conversely, monogenic, or Mendelian, disorders associated with cerebrovascular disease are rare, but have a high penetrance. As awareness of genetic contribution to cerebrovascular disease has grown in recent years, numerous neurogenomic studies have investigated the key genetic markers of these disorders. In 2015, the National Institute of Health launched its Precision Medicine Initiative, a project designed to promote a framework for increased national application of personalized, or precision, medicine. 6 The goal of personalized medicine is to tailor treatment and prophylaxis to each individual, patient-specific profile. 6 Since the genome contributes substantially to the diversity that exists from patient to patient, the procurement and utilization of patient genetic data is a major focus point within the precision medicine initiative. 6 With current genetic sequencing, storing, and analyzing technology, wholeexome sequencing, which primarily targets exons, but may include non-coding regions such as introns, intron-exon boundary regions, untranslated regions, and intergenic regions as a byproduct, is considerably more cost-effective than whole-genome sequencing and more conducive to large scale personalized medicine. 7, 8 Fifteen years after the completion of the Human Genome Project, next-generation sequencing has matured and costs have continued to decrease. A number of large scale whole-exome sequencing projects are underway and include efforts led by the Broad Institute which has sequenced 360,000 exomes, 9 Geisinger's MyCode Community Health Initiative, the largest health system sequencing project, which has enrolled 150,000 individuals, 10 and the United Kingdom Biobank which is scheduled to sequence 500,000 individuals by 2019. 11 High-yield variants within the non-coding genetic regions have also been established and are indeed useful to identify cerebrovascular disease predisposition through genome-wide association studies. These include PITX2 (rs6843082), 12 ZFHX3 (rs879342), 12 and ALDH2 (rs2238151) 13 for ischemic stroke, TSPAN2 (rs12122341) 13 for cerebrovascular occlusive disease, and PMF1 (rs2984613) 14 for hemorrhagic stroke among others. Nevertheless, this review is focused on currently known variants predisposing to or protecting from common cerebrovascular diseases within (italicized) the exome. For completeness, important monogenic disorders are reviewed as well.
Materials and methods

Literature search strategy
A systematic review of studies assessing neurogenomic aspects of cerebrovascular disease was performed according to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement. The electronic database MEDLINE/PubMed was the primary source for article identification with Google Scholar used as a supplement along with the reference lists of reviewed manuscripts. The MEDLINE/PubMed database was searched from database inception to September 2017. Articles were cross-referenced with phenotype-genotype integrator (PheGenI) and online Mendelian inheritance in man (OMIM Õ ). Appropriate free text and MeSH terms were used to identify all studies and included ''genetic'' paired with ''ischemic stroke,'' ''intracranial atherosclerosis,'' ''extracranial atherosclerosis,'' ''carotid atherosclerosis,'' ''subarachnoid hemorrhage,'' ''cerebral aneurysm,'' ''intracerebral hemorrhage,'' ''arteriovenous malformation,'' ''cavernous malformation,'' or ''moyamoya'' (e.g. genetic ischemic stroke, genetic intracranial atherosclerosis, genetic extracranial atherosclerosis). Articles identified using ''intracranial atherosclerosis,'' ''extracranial atherosclerosis,'' and ''carotid atherosclerosis'' search terms were combined as cerebrovascular occlusive disease. Articles were independently appraised and assessed for quality (such as accounting for confounding variables through multivariable analysis or discerning the level of consonance between the conclusions of the articles and the data presented) by two individuals (C.G., S.F.) and reference lists were scanned for additional studies of potential relevance. Correction for multiple comparisons using Bonferroni was favored, but not required as some consider this approach overly conservative in the context of genetic association studies. Discrepancies between reviewers were resolved through discussion until consensus was reached.
Inclusion criteria
Studies eligible for inclusion in this systematic review comprised a minimum of 500 subjects (not counting controls) to minimize the potential for false positive findings in studies of smaller cohorts and to emphasize those of presumably higher impact. Meta-analyses were included with the cumulative number of affected individuals from each included studies representing the total number of subjects. Only variants located in the exome were considered. Studies that failed to show a statistically significant association, investigated variants only in intronic or intergenic locations, analyzed gene-gene, gene-treatment, or gene-environment interaction, or examined a subset of patients with preexisting risk factors were all excluded. In cases of overlapping cohorts, only the most recent and largest was included. For completion, we contrasted eligible studies to monogenic, or Mendelian, disorders associated with cerebrovascular disease. Such disorders have high penetrance, but their considerably lower prevalence has generally rendered them unable to meet the inclusion criteria as large cohort studies are difficult to conduct.
Results
Thirty-five studies met the inclusion criteria using the search strategy (Figure 1 ). The majority of relevant studies focused on ischemic cerebrovascular disease. A total of 45 genetic variants (43 (95.6%) single nucleotide polymorphisms (SNPs) with rsIDs) qualified for inclusion in this review and are listed in Tables 1 to 6 . The individual genes are color coded in the tables based on groups involved in similar functions such as endothelial and vascular health (15 (33.4%) genes; blue), plasma lipid metabolism (10 (22.2%); orange), inflammation (9 (20%); turquoise), coagulation (3 (6.7%); green), blood pressure modulation (2 (4.4%); red), and others (6 (13.3%); no color).
Ischemic cerebrovascular disease
Ischemic stroke. Ischemic stroke constitutes approximately 87% of strokes in the United States. It is the most thoroughly studied cerebrovascular disease from a cerebrovascular neurogenomics perspective (Table 1) and entails a strong genetic component. Numerous alleles have been linked to ischemic stroke but few have been confirmed across ethnicities.
Variants associated with ischemic stroke. The most well-studied susceptibility gene for ischemic stroke, MTHFR, encodes methylenetetrahydrofolate reductase, a critical enzyme in homocysteine metabolism. In homozygous individuals, the 677C > T variant (rs1801133) reduces MTHFR activity to 30%, 15, 16 and is associated with hyperhomocysteinemia, 15 an established risk factor for ischemic stroke. 17 In the largest meta-analysis to date consisting of nearly 30,000 Asians and Caucasians, Wei et al. 16 found a strong association between the 677C > T variant and ischemic stroke. This finding is consistent with other meta-analyses and was replicated individually in both Asian and Caucasian populations, 16 although further evidence is needed for the populations of African descent. 18 The relationship between the 677C > T variant and ischemic stroke has also been replicated for both small and largevessel subtypes. 18, 19 In their Asian and Caucasian study population, Wei et al. 16 were also able to associate ischemic stroke with the 1298A > C variant (rs1801131) of the same gene, which reduces MTHFR activity by an estimated 40%. In a Chinese cohort, He et al. 20 discovered a relationship between ischemic stroke and a third MTHFR variant (rs868014), which causes a quantitative decrease in MTHFR.
ApoE, another well-studied susceptibility gene, encodes apolipoprotein E, a cholesterol transporter and ligand that modulates plasma lipid levels. 16 In their multiethnic analysis, Wei et al. 16 detected an association between one of the minor alleles, "4 (rs429358), and ischemic stroke. Although these findings were replicated individually in both Asian and Caucasian populations, the data suggest that the "4 allele is significantly more threatening in Asians, 16 particularly in Chinese individuals. 21 eNOS appears to be an additional high-yield susceptibility gene for ischemic stroke. It encodes endothelial nitric oxide synthase, an enzyme on the vascular endothelium that produces nitric oxide, a substance that has various vaso-protective functions including inhibiting platelet aggregation and inducing vasodilation. 22 Wei et al. 16 included large meta-analyses on three distinct eNOS variants. The þ894G > T allele (rs1799983) was evidenced to contribute greatly to ischemic stroke risk in both Asians and Caucasians. Although there is evidence supporting an association between another coding mutation, À786T > C (rs2070744), and ischemic stroke, 23 the most extensive meta-analysis on this relationship elucidated no such association. 16 Wei et al. 16 identified two additional polymorphisms as risk alleles for ischemic stroke: 235M > T (rs699) of AGT and 192Q > R (rs662) of PON1. AGT encodes angiotensinogen, a blood pressure modulator, while PON1 encodes paraoxonase 1, an enzyme involved in lipid metabolism that has anti-atherosclerotic effects. Wei et al. 16 identified both 235M > T and 192Q > R as contributors to ischemic stroke risk in their multiethnic study population and Asian sub-population.
Factor V Leiden (rs6025), a relatively common variant in Caucasians, encodes a mutant protein missing an arginine at a key position (506R > Q). In the wild type, this arginine facilitates its interaction with protein C, which functions to cleave Factor V. 24 This conferred resistance to cleavage promotes a hypercoagulable state. 24 It is estimated that around 5% of Caucasians are heterozygous for Factor V Leiden, but it is uncommon in other races. 25 The largest meta-analysis was performed by Casas et al. 4 In this study of nearly 5000 subjects, all Caucasians, a strong contribution to ischemic stroke risk was indicated. 4 Au et al. 26 identified three variants involved in lipid metabolism associated with ischemic stroke in a multiethnic meta-analysis. Among these, the ApoA5 variant 56C > G (rs3135506) was linked to ischemic stroke. The study further elucidated the role of the ApoB 4181E > K variant (rs1042031) in ischemic stroke. The 219R > K variant (rs2230806) of ABCA1 was found to influence ischemic stroke risk in the multiethnic population as well as an Asian sub-population. ABCA1 encodes ATP-binding cassette transporter 1, a protein which collaborates with other apolipoproteins in lipid transport. 26 Wang et al. identified two additional apolipoprotein variants in ApoC3 in association with ischemic stroke in a large Chinese Han cohort. ApoC3 encodes apolipoprotein C3, a protein component of very low-density lipoproteins that functions to maintain blood lipid levels. 27 One of these variants (rs4520) involves a silent T-C substitution and was suggested to confer increased risk for ischemic stroke in the Chinese Han population; the other, a 3 0 UTR (rs5128) polymorphism, was actually identified as a protective factor for ischemic stroke in this population. 27 In an exome-wide association study of a Japanese cohort, Yamada et al. 28 identified three different coding variants associated with ischemic stroke: two protecting alleles involving TMPRSS7 and PDIA5 and a predisposing allele in CYP4F12. TMPRSS7 encodes a serine protease involved in degradation of the extracellular membrane. 28 The R692* variant (rs3212335) produces a truncated protein that decreases risk of ischemic stroke incidence.
28 PDIA5, which encodes a disulfide isomerase involved in protein folding and thiol-disulfide reactions, has been associated with coagulation. 28 The 391T > M polymorphism (rs2292661) was labeled an additional protective factor.
28 CYP4F12 encodes a P450 enzyme thought to be an endoplasmic reticulum protein involved in the metabolism of inflammatory mediators. 28 The 402C > R polymorphism (rs191885206) was correlated with increased risk of ischemic stroke. 28 In a meta-analysis of over 2000 American and Chinese individuals, Ma et al. 29 indicated the 82G > S variant (rs2070600) of RAGE as a risk marker for ischemic stroke. RAGE encodes the receptor for AGE, a protein involved in immune defense whose over-activity has been linked with formation of atherosclerotic plaques. 29 The polymorphism causes a deviation at codon 82, a key position in AGE-RAGE interaction. 29 In an exome-wide association study, Malik et al. 30 identified two common polymorphisms in SERPINA1 and HDAC9 that lead to increased risk of ischemic stroke, specifically in the large vessels. The SERPINA1 237V > A polymorphism (rs6647) produces a modified a-1 antitrypsin, an enzyme that antagonizes neutrophil elastase to attenuate the damage associated with inflammation. The HDAC9 variant (rs2023938) involves the 3 0 UTR and contributes to epigenetic modulation. It is thought that both of these variants increase stroke risk by promoting atherosclerosis. 30 Additional exonic variants evidenced to confer risk of ischemic stroke are shown in Table 1 and include the genes HIF1a (rs11549465), 31 NLRP3 (rs1810754558),
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ALDH2 (rs671). 30, 33 Also presented in Table 1 are additional variants that have been shown to be protective against ischemic stroke. They include PSMA6 (rs1048990), 34 miR-200b (rs7549819), 35 and PPAR (rs1801282). 36 Monogenic disorders associated with ischemic stroke. Monogenic diseases are characterized by high incidence of early-onset, small-vessel stroke, and significant family history. 37 As they are considerably less common, large cohort studies are difficult to conduct. Only one study qualified for inclusion. In a Danish study, Christoffersen et al. 38 analyzed the relationship between ischemic stroke and Werner syndrome, an autosomal recessive condition caused by a variety of nonsense mutations in WRN and characterized by severely premature aging. WRN encodes a helicase involved in DNA maintenance and repair. 38 Christoffersen et al. 38 detected a significant, direct correlation between the 1367C > R variant (rs1346044) and ischemic stroke incidence.
The following are monogenic disorders with established correlation to ischemic stroke, but without individual variants that qualified for inclusion. CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy) is a smallvessel disease due to gain-of-function mutations in NOTCH3, 3 most of which are missense involving a cysteine residue in exons 2-6.
5 NOTCH3 encodes a transmembrane protein 5 and the addition or loss of cysteine residues in key positions of the extracellular domain result in interruption of the vascular basal membrane, 3 which leaves these individuals prone to ischemic events. 3, 5 In the only study of its kind, Chong et al. 37 were unable to identify a specific NOTCH3 variant with statistical significance. Its autosomal recessive counterpart, CARASIL is a similar condition as it also predisposes individuals to ischemic episodes. Although it is less thoroughly understood, recent studies have suggested its association with lossof-function mutations of HTRA1, which encodes a serine protease that antagonizes TGF-b signaling. 3 Homocystinuria is caused by a loss-of-function mutation in CBS, which encodes cystathione b-synthase, an enzyme involved in methionine metabolism. 5 The resultant elevated plasma homocysteine levels confer an increased risk of ischemic stroke. 5 
Cerebrovascular occlusive disease: Intracranial and extracranial atherosclerosis
Variants associated with cerebrovascular occlusive disease. Cerebrovascular occlusive disease is a condition of increased cerebral vessel wall thickness of either intracranial vessels, most commonly the intracranial portion of the internal carotid artery, vertebrobasilar artery, and cerebral arteries, 39 or the extracranial vessels, the common carotid artery and the extracranial segments of the internal carotid artery. 3 Both intracranial and extracranial (carotid) atherosclerosis significantly heighten the risk of ischemic stroke. 39 Overall, intracranial atherosclerosis appears to be more common; however, prevalence varies significantly amongst different ethnicities. 39 Intracranial stenosis is more typical in people of African, Asian, and Hispanic descent, while Caucasians are particularly susceptible to ischemic stroke due to extracranial atherosclerosis. 39 There is evidence to suggest RNF213 as a susceptibility gene for intracranial atherosclerosis in East Asians 40 and the 4810R > K allele as a high-risk allele, but neither results are significant enough to be discussed further here. 41 Genetic contribution to extracranial atherosclerosis has attracted more attention (Table 2) . It is usually measured by levels of carotid plaque and carotid intima media thickness (cIMT). Both have a direct correlation with ischemic stroke incidence, but it is thought that development of each is due to its own unique risk alleles and pathophysiology. 3 The fact that traditional vascular risk factors roughly account for only 20% of variance in cIMT and carotid plaque indicates a strong genetic component to extracranial atherosclerosis. 3 While most of the known variants linked to extracranial atherosclerosis are non-coding, some exonic variants have been reported. Mutations included in this section met one of three criteria: association with study-defined atherosclerosis, association with cIMT, or association with levels of carotid plaque.
Due to the association between ApoE and ischemic stroke, it is not surprising that ApoE is also a susceptibility gene for extracranial atherosclerosis. The "2 allele (rs7412) was associated with decreased cIMT in a multiethnic study population and is thus indicated as a protective factor for extracranial atherosclerosis; 42 this association has been replicated in Caucasians, 42 African American, 42 and Koreans. 43 The "2 minor allele was also found to be inversely correlated with carotid plaque formation in three separate studies of Caucasian populations (Australian, 44 Dutch, 45 and French 46 ). The Australian study only found an association in women, but its power was undermined by a small sample size. 44 Contrarily, the "4 allele (rs429358) has been identified as a risk factor for increased cIMT in African populations 47 and a risk factor for carotid plaques in the French population. 46 Other variants with considerable evidence for association with cerebrovascular occlusive disease involve RYR3, PCKS9, and GJA4. RYR3 encodes a protein on the membrane of the sarcoplasmic reticulum responsible for the release of calcium into the cytoplasm and, ultimately, regulation of vascular tone. 48 Zhao et al. 48 identified the 731I > V polymorphism (rs2229116) of RYR3 as a risk factor for carotid atherosclerosis in elderly Japanese individuals -the association was replicated in males only. PCKS9 encodes proprotein convertase subtilisin-like kexin type 9, a serine protease involved in lipid metabolism. Its 670E > G variant (rs505151) was found by Norata et al. 49 to be associated with increased cIMT in an American Caucasian study population. GJA4 encodes connexin37, a protein involved in vascular homeostasis; decreased activity of connexin37 has been associated with increased atherosclerotic risk in Taiwanese populations. Leu et al. 50 found its 319P > S mutant (rs1764391) to have a direct correlation with cIMT.
Additional mutations evidenced to be associated with extracranial atherosclerosis, all conferring risk, include MIF (rs755622), 51 PLA 2 R (rs3749117 and rs35771982), 52 and MMP9 (rs17576).
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Monogenic disorders associated with cerebrovascular occlusive disease. Fabry disease, an X-linked recessive disorder caused by a loss-of-function mutation in a-galactosidase A, is understood to promote cerebrovascular atherosclerosis. 3, 5 Decreased activity of a-galactosidase A, a lysosomal hydrolase, results in the buildup of glycosphingolipids in cells. 3, 5 Build-up in vascular endothelial cells is thought to contribute to ischemic stroke. 3, 5 However, no particular polymorphisms met criteria for inclusion in this study.
Hemorrhagic cerebrovascular disease
Hemorrhagic cerebrovascular disease constitutes the other umbrella of cerebrovascular diseases discussed in this review. Comprising about 13% of strokes in the United States, 54 hemorrhagic cerebrovascular conditions include subarachnoid hemorrhage, cerebral aneurysm, spontaneous lobar and deep intracerebral hemorrhage, arteriovenous malformation, and cavernous malformation.
Subarachnoid hemorrhage
Variants associated with subarachnoid hemorrhage. Subarachnoid hemorrhage has the highest mortality, approximately 50%, of any stroke. 55 Due to the fact that more than 90% of subarachnoid hemorrhage cases are caused by ruptured cerebral aneurysm, 56 predisposition to cerebral aneurysm should also be assumed to precipitate subarachnoid hemorrhage. According to Korja et al., 57 risk for subarachnoid hemorrhage is primarily conferred through lifestyle factors and involves a modest genetic contribution (Table 3) .
While it is understood that a genetic component to subarachnoid hemorrhage risk exists and while there have been efforts to identify these genetic markers, few studies have had sufficient statistical power to indicate associations between specific exonic mutations and subarachnoid hemorrhage. The most note-worthy finding in this area was discovered by Yamada et al. in a study previously discussed in detail due to its outcomes relevant to ischemic stroke. Yamada et al. discovered a strong link between a COL17A1 polymorphism, 919D > K (rs117564807), and incidence of subarachnoid hemorrhage in their Japanese study population, less than 500 cases but still included in Table 3 .
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COL17A1 encodes a domain of collagen 17, involved in the anchoring of the epidermis into the basement membrane but also believed to contribute to cerebrovascular inflammation. 28 The 919D > K allele was found to be highly protective against incidence of subarachnoid hemorrhage. 28 Monogenic disorders associated with subarachnoid hemorrhage. The following are monogenic disorders with known association with subarachnoid hemorrhage, but without particular polymorphisms that qualified for inclusion. Neurofibromatosis 1, a disease characterized by defective production of neurofibromin, is thought to be caused by deregulated signaling of Ras proteins, which play a critical role in vascular morphology. 58 Neurofibromatosis has been observed to increase risk of both subarachnoid hemorrhage and moyamoya disease. 58 Ehlers-Danlos syndrome type IV is an autosomal dominant disorder caused by aberrant COL3A1, type III procollagen. Mutation usually occurs in the glycine residues in the three amino acid pattern of collagen and is often de novo. 5, 59 Ehlers-Danlos syndrome is understood to increase the risk of both cerebral aneurysm formation and subarachnoid hemorrhage. 59 Fabry disease, previously discussed for its association with cerebrovascular occlusive disease, is also understood to predispose individuals to subarachnoid hemorrhage. 60 
Cerebral aneurysms
Variants associated with cerebral aneurysms. It is evidenced that cerebral aneurysms are present in approximately 2% of the general population. 61 While cerebral aneurysms are generally asymptomatic, approximately 0.7%-1.9% of cerebral aneurysms lead to subarachnoid hemorrhage. 62 A considerable amount of research exists dedicated to identifying genetic markers for cerebral aneurysm and, appropriately, various variants in the exome have indeed been linked to cerebral aneurysm formation (Table 4) .
A multiethnic meta-analysis by Alg et al. 62 identified four single-nucleotide polymorphisms resulting in missense mutations in RRBP1, SERPINA3, COL1A2, and COL3A1. RRBP1 encodes ribosome binding protein-1. No potential mechanism for its involvement with cerebral aneurysm formation is yet obvious, but the rs1132274 variant was shown to be strongly associated in a large multiethnic population. 63 SERPINA3, COL1A2, and COL3A1 all encode proteins that function in the extracellular matrix with COL1A2 and COL3A1 contributing to the tensile strength of the arterial walls. 55, 63 Thus, it is thought that their variants, 9A > T (rs4934), 549A > P (rs42524), and 698A > T (rs1800255), respectively, may confer susceptibility to cerebral aneurysm formation by compromising the arterial wall. 62 In a large meta-analysis collecting studies from various countries aimed toward discerning the relationship between different eNOS alleles and cerebral aneurysm formation, Yang et al. 64 concluded that the À786T > C polymorphism (rs2070744) in the 5 0 UTR, distinct from the þ894G > T variant associated with ischemic stroke, confers risk of cerebral aneurysm formation in eastern Asians but not Caucasians. In a study of Chinese patients by Fan et al., 65 a coding copy number variation (CNV-67048) in WWOX was identified as a risk allele for cerebral aneurysm formation. WWOX encodes human WW domain-containing oxidoreductase, a tumor suppressor protein that functions in protein degradation, transcription, and RNA splicing among other roles. 65 Hu et al. 66 identified polymorphisms of ENG, a gene encoding a vessel wall maintenance protein called endoglin, as a risk factor in aneurysm pathogenesis. The 366D > H polymorphism (rs1800956), which is the major allele in Caucasians and Africans, but the minor allele in Asians, 67 was found to be protective against cerebral aneurysm formation. 66 The majority of relevant studies on variants associated with cerebral aneurysm appear to be focused on East Asian populations. There is little evidence on aneurysm-associated variants for non-east Asian races; although there is some support for the aforementioned SERPINA3 and COL1A2 polymorphisms as risk factors for cerebral aneurysm formation in Caucasians. 62, 68, 69 Monogenic disorders associated with cerebral aneurysms. The following are monogenic disorders known to precipitate cerebral aneurysm formation, but without individual variants that met the study inclusion criteria. Marfan syndrome is an autosomal dominant disorder caused by various gain-of-function mutations in FBN1, 5 which encodes fibrillin 1.
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Mutation in this extracellular matrix protein can result in damage of the vessel wall. 5 Although neurovascular events are rare, Marfan syndrome is thought to be associated with cerebral aneurysm. 5 Additionally, as previously discussed, Ehlers-Danlos syndrome predisposes individuals to both cerebral aneurysm formation and subarachnoid hemorrhage. 59 Alagille's syndrome similarly predisposes individuals to cerebral aneurysm formation, but will be discussed later for its association with spontaneous intracerebral hemorrhage. 58 Autosomal dominant polycystic kidney disease involves a variant of either polycystin-1 or polycystin-2, both of which are transmembrane proteins that have roles in endothelial metabolism. 59 The disease is usually acquired via a second-hit mechanism which confers risk of cerebral aneurysm. 59 Loeys-Dietz syndrome is a connective tissue disorder that propagates in a dominant fashion, but also has a very high rate of de novo mutation (roughly two-thirds of cases). 59 It can be caused by loss-of-function mutations of three known proteins: TGF-b receptor type I, TGF-b receptor type II, and SMA-and MAD-related protein 3. All three mutations result in rampant TGF-b signaling which is thought to promote formation of aneurysms as 20% of patients with Loeys-Dietz syndrome have reported aneurysms in the neck or intracranial arteries. 59 
Spontaneous intracerebral hemorrhage
Variants associated with spontaneous intracerebral hemorrhage. Spontaneous intracerebral hemorrhage accounts for approximately 10% of strokes in the United States. There are two types differing in both location and pathology. Lobar intracerebral hemorrhage involves the cortices of the cerebrum and amyloid accumulation has been identified as the predominate pathophysiology. 55 Contrarily, deep intracerebral hemorrhage involves the basal ganglia, thalamus, and cerebellum, and its surrounding regions and is usually caused by hypertension. 55 It is estimated that heritability accounts for nearly half of total intracerebral hemorrhage risk. 55 Three coding variants (Table 5) , involving ApoE and MTHFR, are supported with particularly strong evidence to be associated with intracerebral hemorrhage. 55 In a large study of Caucasians, Biffi et al. 71 found associations between the ApoE "2 allele and increased risk of lobar intracerebral hemorrhage and between the ApoE "4 allele and increased risk of both lobar and deep intracerebral hemorrhage. Additionally, results from a large, multiethnic study performed by Gao et al. 72 suggests a conferred predisposition to nonspecific spontaneous intracranial hemorrhage by the MTHFR 677C > T allele. There is evidence to support the replication of associations of both APOE "4 and MTHFR 677C > T in east Asian populations. 73, 74 Monogenic disorders associated with spontaneous intracerebral hemorrhage. The following are monogenic disorders that cause intracerebral hemorrhage, but without particular variants qualifying for study inclusion. Alagille's syndrome is caused by mutations in various NOTCH signaling molecules, the vast majority involving Jagged-1 and Notch2. 59 It is inherited dominantly, but with significantly high rates of de novo mutation (60% of patients). 59 NOTCH signaling is essential for proper systemic embryonic development and has a key function in ensuring proper vascular morphology. 59 Alagille's syndrome has been associated with development of cerebral aneurysm and spontaneous intracerebral hemorrhage. 59 
Arteriovenous malformation
Variants associated with arteriovenous malformations. Brain arteriovenous malformation 75 is a rare vascular disorder with a prevalence of 0.015-0.018%. 76 It is characterized by capillary maldevelopment which results in direct communication between the arterial and venous systems. 77 They typically manifest clinically as hemorrhages or seizures 77 before the age of 40. 76 Hemorrhage is the major concern for patients with a cerebral arteriovenous malformation 78 and, while damage varies among patients, approximately 75% of those who survive the initial hemorrhage have perceptible neurologic deficits. 77 The genetic influence on arteriovenous malformation formation is still largely unknown. A considerable genetic component is evidenced, 79 yet a strong familial pattern has not yet been established 80, 81 and, to our knowledge, no specific genetic markers have been identified in large studies. There is evidence to suggest that common genetic polymorphisms vary little in their contribution to arteriovenous malformation. 82 Monogenic disorders associated with arteriovenous malformation. Hereditary hemorrhagic telangiectasia, an autosomal dominant disorder caused by variants in ENG, ALK1, and SMAD4, often presents with multiple cerebral arteriovenous malformations. 83 All three genes encode constituents of transforming growth factor-b signaling, which has been demonstrated to play a role in vascular homeostasis. 84 However, no particular polymorphisms met criteria for study inclusion.
Cavernous malformation. Cavernous malformations are caused by maldeveloped parenchyma, 85 which leads to a compromised, leaky blood-brain barrier in the affected area. 86 Similarly to arteriovenous malformations, cavernous malformations almost always occur in the central nervous system and commonly lead to hemorrhage and seizure. 86, 87 However, cavernous malformations involve vessels of lower pressure and flow; 76, 87 thus, although prevalence is higher at 0.5%, 76 resultant hemorrhages are not nearly as severe as those attributed to arteriovenous malformation 76 and only 20-30% of patients become symptomatic. 85 Mutations in three genes, aptly named CCM1, CCM2, and CCM3, that encode proteins forming a trimeric protein complex, are thought to cause more than 90% of familial cavernous malformation; many mutations have been identified but are believed to behave in a monogenic fashion. 85, 86 Similarly to arteriovenous malformation, various mutations have been observed, but no large studies were found for inclusion in this review.
Moyamoya disease. Moyamoya disease is a pathology with both ischemic and hemorrhagic manifestations. It begins as a vaso-occlusive disorder of the terminal portions of the internal carotid arteries and the Circle of Willis; 3, 5 this occlusion of the cerebral vasculature precipitates hypoxia-induced angiogenesis. 88, 89 The occluded vessels are predisposed to ischemic events, while the abnormal, hypoxia-induced collateral vessels are susceptible to rupture and, thus, can cause hemorrhage. 90 Moyamoya disease is caused by various mutations with different hereditary patterns and is named accordingly. 3 Moyamoya disease is extremely rare in Caucasians, but more common in Asian populations, particularly in Japanese individuals. 89 Moyamoya has been associated with various mutations in case reports and studies of low power. The most thoroughly scrutinized susceptibility gene is RNF213 (Table 6) , encoding a ubiquitously-expressed cytosolic ubiquitin ligase, which has been shown to play a role in angiogenesis 89, 91 Ma et al. 92 identified two risk alleles in their meta-analysis of East Asians: the 4810R > K polymorphism (rs112735431) and the 4859R > K polymorphism. There is evidence that these variants contribute to Moyamoya through aberrant vessel wall remodeling. 89 
Discussion
This review summarizes the most salient associations between coding polymorphisms and cerebrovascular disease. Most of these polymorphisms were found in genes involved in processes related to endothelial and vascular health, plasma lipid metabolism, inflammation, coagulation, and blood pressure modulation. The primary objective of this review is to assemble current knowledge in the field of cerebrovascular neurogenomics, which is expected to become an important aspect of personalized medicine, particularly as data from ongoing large exome sequencing projects in health systems and population health studies will become available. Knowledge of genetic links to cerebrovascular disease could be used to identify and guide susceptible individuals to appropriate prophylactic and therapeutic strategies. One aspect of this would involve studies focused on developing a more precise understanding of the level of contribution specific alleles confer as well as the interplay between different alleles and clinical factors in precipitating cerebrovascular disease. Leveraging genomic data for these more common forms of cerebrovascular disease will be advanced by the creation and validation of multifactorial risk scores that include information from multiple genes, necessitated by the relatively small risk contributed by each individual variant, which ultimately could be used in conjunction with clinical presentation to develop prophylactic and therapeutic protocols.
Genetic risk scores to predict cerebrovascular disease
Rare monogenic cerebrovascular disorders aside, the contribution of individual alleles to the development of cerebrovascular diseases is marginal at best. Coupled with clinical variables, however, genetic risk scores incorporating a large number of genetic polymorphisms may accurately identify patients at risk. Such polygenic risk scores are calculations that demonstrate disease risk based on the presence of pre-selected polymorphisms that have been associated with disease risk in prior studies. 93 They provide a specific advantage in that they can help predict risk of adverse events in patients without monogenic diseases of high penetrance. Polygenic risk scores are still in their infancy, but have shown promise in predicting presentation of certain diseases such as schizophrenia, multiple sclerosis, cardiovascular disease, and rheumatoid arthritis. 94 A thorough and well-calibrated polygenic risk score assessing risk alleles, each with low penetrance, could be used to calculate the risk for cerebrovascular disease in an individual. One drawback of polygenic risk scores is that they likely lack reproducibility across ethnic groups and, as shown in this review, there is little genetic data outside European and Asian ethnicities. 93 Additionally, polygenic risk scores have yet to prove clinical relevance, but it is expected that this will be achieved with further development, even if only proving helpful to patients who score on either tail of a normal distribution and not for patients with only marginally significant scores. 93 Next-generation polygenic risk scores may not be limited to a select number of high yield polymorphisms, but rather incorporate all genetic variants characterizing health and disease states based on the idea that a few strong signals, as well as several weaker signals, may collectively be informative. Recent work on ischemic stroke in the Japanese population has shown promising results of such ''true'' polygenic risk scores demonstrating superiority over the traditional weighted multilocus genetic risk scores. 95 
Clinical ischemic stroke risk factors and their genetic counterparts
Most polymorphisms in this review mirror clinical risk factors for ischemic stroke. Age is the most significant risk factor for stroke, with elevated age increasing risk of all stroke subtypes 96 ; however, there is evidence to suggest that aging interacts with stroke risk to varying degrees depending on stroke subtype. 97 A 2017 study of Netherlands patients suggested that aging is a more significant contributor to risk for ischemic stroke than hemorrhagic stroke. 97 This relationship is potentially reflected in the early-onset ischemic strokes seen in Werner syndrome, a disease of premature aging. Additionally, it is well established that sex also plays a significant role in determining risk of particular cerebrovascular disease subtypes. [98] [99] [100] It has been demonstrated that, globally, men have a higher risk of ischemic stroke than women, while hemorrhagic stroke risk seems to not be significantly tied to sex. 100 Only one polymorphism in this review was established to have specificity for sex: rs2229116 of RYR3 which confers a greater risk of common carotid atherosclerosis in Japanese males than in Japanese females. Thus, another area of further development is the influence of non-modifiable risk factors other than ethnicity, such as age and sex, on the relationship between certain polymorphisms and cerebrovascular disease. Other clinical but modifiable risk factors for stroke include hypertension, hypercoagulable states, inflammatory states, and dyslipidemia. 101 These increase risk of cerebrovascular incidents by atheroma, or plaque, formation in ischemic stroke and increased vessel wall stress in hemorrhagic stroke. Polymorphisms included in this review encode proteins associated with all these processes. Other well-represented as functional groups are genes involved in endothelial and vascular health and include vessel remodeling and extracellular matrix homeostasis, which are particularly important in hemorrhagic stroke and represented by genes encoding structural proteins like collagens and the protease inhibitor a1-antitrypsin (SERPINA3). In fact, 39 (86.7%) of the 45 variants included in this review have direct, established relationships to at least one of the following processes: endothelial and vascular health, plasma lipid metabolism, inflammation, coagulation, and blood pressure modulation. Given the aforementioned known risk factors and pathophysiology of stroke, it is not surprising that variants in such genes would be involved in stroke risk. This review can help identify additional gaps in our current understanding of cerebrovascular neurogenomics. Further efforts are especially warranted to replicate these variants across ethnicities, understand the interaction between these polymorphisms and sex, and identify additional relevant coding variants in cerebrovascular diseases with little current genomic literature, such as moyamoya disease. Of the 42 distinct variants included in this review, only 1 was associated with a monogenic disease. This was not a surprise as the relative infrequency of stroke due to monogenic disease renders large cohort studies difficult to conduct. Future work in this area will be particularly helpful as identification of monogenic forms of cerebrovascular disease in patients could provide immediate clinical impact. Potential clinical application of such data is modeled well in the use of aspirin to prevent colorectal cancer in those with predisposing monogenic disorders. A study by Burn et al. 102 indicated that regular aspirin may indeed reduce the risk of development of colorectal cancer in patients with Lynch syndrome, a disease with autosomal dominant propagation. If, for example, a similar practice reduces the risk of ischemic stroke in patients with homocystinuria, there may be a greater demand for more accurate genetic screening of the disease.
Limitations
There are a number of limitations that should be highlighted. In order to summarize the literature of highleverage, coding polymorphisms, this review focuses on specific mutations that have well-documented associations with cerebrovascular disease. Thus, we do not claim this review to be an exhaustive list of relevant polymorphisms. Many lower-leverage alleles have likely been omitted through our screening process. Namely, alleles of extremely low-frequency but significant contribution to cerebrovascular disease may have been excluded as only studies with 500 or more case subjects were eligible. The threshold of 500 was set after the initial review of the literature. There were 95 studies excluded due to a sample size of less than 500 subjects as there was concern that those studies were underpowered to support the conclusions drawn. There were 2 studies, however, that were included with fewer than 500 subjects because they were very close to this threshold and demonstrated remarkably high association with their respective diseases; with that, we felt omission could not be justified. The other option to provide a comprehensive review in an already lengthy manuscript was to set certain odds ratio or confidence interval thresholds. This, however, was abandoned because the effect of an allele on a specific disease is frequently robust, but overall very small, as indicated above. Additionally, due to the focus on individual genetic markers, studies on gene-gene, gene-environment, and gene-disease interactions specific to a subset of patients with pre-existing risk factors were excluded. Susceptibility genes for cerebrovascular disease were not included if they lacked strong evidence for a specific mutation. For example, COL4A1 has been identified as a likely susceptibility gene for hemorrhagic stroke; 103 however, no sizeable studies of human cohorts have been performed to identify specific disease-relevant mutations in this gene and, thus, no COL4A1 risk alleles are included in this review. Finally, studies that did not provide a definition of atherosclerosis or report cIMT or plaque formation were discarded and, thus, it is possible that some polymorphisms evidenced for association with cerebrovascular occlusive disease were excluded.
Conclusion
This systematic review summarizes studies associating exonic variants with cerebrovascular diseases for the neurosurgical audience. Further studies can build off this review to form polygenic risk scores in order to set clinically relevant parameters for stroke prophylaxis and treatment and also broaden our understanding of cerebrovascular neurogenomics, namely by replicating risk alleles across different ethnicities, recognizing sex-specific genetic markers, and identifying risk alleles for disease that have not been thoroughly examined.
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